BACKGROUND-When using area under the concentration-time curve-based strategies for dosing carboplatin, accurate estimation of glomerular filtration rate is required for determining dose. Commonly, the Cockcroft-Gault equation is used, which is dependent on measurement of serum creatinine (SCr). Because analysis of SCr changed to an isotope dilution mass spectrometry (IDMS) standard, we sought to determine the impact of this assay change on carboplatin dosing and related toxicity.
Carboplatin is a platinum-containing alkylating agent with activity in a wide array of hematologic malignancies and solid tumors. 1 Renal elimination via filtration accounts for approximately 65% of clearance after dosing. 2, 3 The initial approach to carboplatin dosing on the basis of body surface area resulted in wide variability in exposure and toxicity, suggesting improved approaches using pharmacokinetic and pharmacodynamic end points were needed. 4 Due to predominant renal elimination, an estimated area under the concentration-time curve (AUC) may be determined by using glomerular filtration rate (GFR) and a simple, elegant linear equation first published in 1989. 5 Dose calculation determined by desired AUC now provides a more predictable risk of thrombocytopenia.
The Calvert equation was derived using chromium-51-labeled ethylenediaminetetraacetic acid ( 51 Cr-EDTA) to accurately measure GFR. The use of radioisotopes to determine kidney function is not standard practice at many institutions; therefore, most use the Cockcroft-Gault equation, an estimation of creatinine clearance, as an estimate of GFR. 6 The Cockcroft-Gault equation is dependent on patient age, weight, sex, and measured serum creatinine (SCr).
Before 2006, a number of assays were used to determine SCr, leading to significant variability among institutions and a general overestimation of SCr with historical methods. 7, 8 In 2006, the National Kidney Disease Education Program (NKDEP) published a recommendation to standardize SCr assays to an isotope dilution mass spectrometry (IDMS) standard in an effort to reduce variability among reported SCr values used to make a diagnosis of chronic kidney disease. 9 While the IDMS-traceable assay standard provides accurate values for SCr, the use of IDMS was not commonly used before the NKDEP recommendations. As institutions converted to the IDMS method, differences in carboplatin doses received before and after standardization have been observed. 10 Clinically, the doselimiting toxicity of carboplatin is thrombocytopenia. The incidence and severity of thrombocytopenia increase as doses approach and exceed an AUC of 7. 11 No study to date has attempted an analysis of the incidence of carboplatin toxicities as a result of IDMS standardization. Therefore, the purpose of this study was to determine if standardization to the IDMS method of reporting SCr has led to an increase in the incidence of grade 3 thrombocytopenia in patients receiving carboplatin-based chemotherapy.
Materials and Methods
The design was a single-center retrospective review of patients who were treated with carboplatin-containing chemotherapy between April 6, 2008, and April 6, 2010. These dates were selected as 1-year periods before and after IDMS implementation on April 6, 2009. Adult patients who received two or more doses of the same carboplatin-based regimen in groups before and after IDMS implementation were evaluated for inclusion in the study. Patients were included in the study if they were 18 years of age or greater, were naïve to chemotherapy, received a 21-day cycle, and had carboplatin doses calculated using a current body weight and SCr value. Exclusion criteria were those receiving carboplatin in preparation for an autologous hematopoietic stem cell transplant or who were enrolled in a clinical trial because of differences in dosing practices compared with routine clinical use. Patients who received their first two doses of carboplatin-based therapy overlapping the date of IDMS implementation were also excluded from analysis. The primary objective was to compare the incidence of grade 3 or higher thrombocytopenia at any time during the first 2 cycles of chemotherapy within cohorts receiving the same chemotherapy regimen (e.g., carboplatin and paclitaxel, carboplatin and pemetrexed). Secondary end points included comparison of SCr values and carboplatin doses received pre-and post-IDMS standardization. Secondary toxicity objectives included incidence of grade 2 thrombocytopenia, grade 3 neutropenia, hospitalization, and total change in platelet count during the first two cycles of chemotherapy. Objectives were compared among patients who received AUC 6-based carboplatin dosing, as too few patients receiving AUC 5 were identified for meaningful analysis.
Statistical Analysis
Baseline demographic values were estimated using standard descriptive statistics. Clinical laboratory values (platelet count, absolute neutrophil count, SCr, and albumin) and carboplatin doses were compared between pre-and post-IDMS groups by using an analysis of variance approach. Incidence of severe thrombocytopenia and neutropenia (grade ≥ 3) and incidence of hospitalization were compared between groups using either χ 2 tests or Fisher's exact test, where appropriate. For the comparison of carboplatin doses, patients were divided into subgroups based on AUC. Additional subgroup analysis of patients aged ≥ 65 years and patients with body mass index (BMI) ≤ 25 kg/m 2 were also performed. For all comparisons, a p-value of <0.05 was considered statistically significant. All statistical analysis was performed with SAS v 9.3 (SAS Institute Inc., Cary, NC). A multivariable logistic regression model was fit, where the odds of developing grade 3 thrombocytopenia was modeled as a function of IDMS group, AUC, chemotherapy regimen, age, and sex. In addition, a multivariable linear regression model was fit, where percent platelet reduction was modeled as a function of the same variables listed here, and multicollinearity was checked.
Results
A total of 520 patients were evaluated for inclusion. Of those evaluated, 158 met all entry criteria, with 63 assigned to the pre-IDMS group and 95 to the post-IDMS group (Figure 1 ).
Basic demographics of the study population are shown in Table 1 There was a significant difference in mean SCr values among all patients pre-versus post-IDMS standardization (1.01 vs 0.86 mg/dl, p<0.001). Carboplatin doses were evaluated among patients who were to receive doses to achieve an AUC of 6. The mean doses received pre-versus post-IDMS were also found to differ significantly among patients receiving an AUC of 6 (580 vs 703 mg, p<0.001), which represented a 21% average dose increase ( Figure 2 ). 
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Chemotherapy Cohorts
Statistical analysis was completed on three cohorts of patients receiving the most commonly observed partner chemotherapy agents:paclitaxel, pemetrexed, and docetaxel ( Table 2 ). The primary end point of incidence of grade ≥ 3 thrombocytopenia was not significantly different in the paclitaxel and pemetrexed cohorts. Within the docetaxel cohort, there were no grade ≥ 3 thrombocytopenia events.
There were no significant differences in secondary end points (grade ≥ 2 thrombocytopenia, median platelet reduction, grade ≥ 3 neutropenia, hospitalizations) within the three cohorts pre-IDMS vs. post-IDMS except regarding mean platelet reduction in the pemetrexed group. Mean absolute reduction in platelet count (51 vs 17, p=0.021) was statistically significant in the pemetrexed cohort, with a greater reduction occurring in the pre-IDMS group.
Age and BMI subgroup analysis
Serum creatinine values and carboplatin doses for AUC 6 were further evaluated within 2 separate subgroups of patients with age ≥ 65 years and BMI ≤ 25 kg/m 2 (Figure 3 ).
Mean SCr was significantly lower within the post-IDMS group of patients age ≥ 65 years (pre 1.01 vs post 0.88 mg/dl, p<0.015). Mean SCr within the BMI ≤ 25 kg/m 2 subgroup, however, was not statistically significant. Carboplatin doses for both subgroups were significantly higher in the post-IDMS group (age ≥ 65 years: 526 vs 661 mg, p<0.001; BMI ≤ 25 kg/m 2 : 547 vs 662 mg, p<0.001). Patients in the age ≥ 65 years subgroup received a 25% higher dose after IDMS standardizations and those within the BMI ≤ 25 kg/m 2 subgroup received a 21% higher dose post-IDMS.
Multivariable Analysis
Multivariable analysis was conducted that accounted for the covariates of pre-versus post-IDMS, carboplatin AUC, secondary chemotherapy drug, age, and sex. For the outcome of grade ≥ 3 thrombocytopenia, there was no significant relationship among the selected variables. However, secondary chemotherapy drug (p=0.014) and AUC (p=0.04) were significantly associated with percent reduction in platelets from baseline when adjusting for the other covariates (Table 3 ).
Discussion
This analysis in 520 patients supports prior reports that the switch to an IDMS-corrected standard for creatinine measurement leads to an increase in carboplatin dose. This increase in dose was found across all treatment cohorts as well as the age and BMI subgroups. While there was a statistically significant increase in dose, we did not detect a change in the incidence of grade ≥ 3 thrombocytopenia. Given the small number of events (n=7) and the small sample size in each of the treatment cohorts, the study was not adequately powered to show a 7% difference in an end point with an estimated incidence of 5%. Other plausible explanations for the lack of a statistically significant findings regarding toxicity include the fact that paclitaxel and pemetrexed were the two most common partner chemotherapy agents. Together, these two cohorts account for 60% of the total population studied.
Paclitaxel has been shown to have a platelet sparing effect when administered with carboplatin. 12 The mechanism of this protection is not well understood beyond knowing that coadministration does not reduce antitumor effects. 13 Given this effect, the incidence of grade 2+ thrombocytopenia is likely to be lower within this cohort, requiring a higher sample size to show a significant difference between the prestandardization and poststandardization groups. In addition, pemetrexed is less myelosuppressive than many other chemotherapy agents, due to the coadministration of cyanocobalamin and folate, which all of our patients received. 14 As a result, the incidence of hematologic toxicity in this group is less likely to be statistically different in small sample sizes.
In addition to the pharmacodynamic effects of partner chemotherapy, the method by which GFR is estimated could also contribute to the low incidence of carboplatin toxicity. The initial study that determined the Calvert equation used 51 Cr-EDTA to measure GFR. In our center, creatinine clearance (CrCl) is estimated using SCr in the Cockcroft-Gault equation, and the result is substituted for GFR in the Calvert equation. The Cockcroft-Gault equation has been shown to underestimate true GFR compared with standard of 51 Cr-EDTAmeasured GFR. 15 As a result, carboplatin dosing determined using a Cockcroft-Gault equation-estimated CrCl is significantly lower compared with dosing determined using radioisotope-measured GFR. 16, 17 As corroborated in our study findings, doses may differ by as much as 20%. This suggests that the conversion to IDMS may, in reality, provide a more similar dose derivation to that using gold standard GFR measures. However, other studies have documented that IDMS Cockcroft-Gault estimation of GFR has less predictable variability compared with 51 Cr-EDTA GFR, with 18% of patients being under dosed by > 100 mg and 23% of patients being overdosed by the same amount. 18 Regardless of the low incidence of toxicity endpoints within the study, comparison of SCr values and related carboplatin doses shows that IDMS standardization has led to a significant increase in carboplatin doses received by patients.
Demographically, the subjects of the study were similar between groups with the exception of weight. However, even though weights were statistically different, median weights between patients differed only by 4 kg and, therefore, are not clinically significant when estimating GFR with the Cockcroft-Gault equation. As this difference in weight would not clinically affect reporting of estimated GFR, the difference in weights would unlikely be responsible for affecting dosing and incidence of toxicity between pre-IDMS and post-IDMS treatment groups.
Although our study was not adequately powered to show a difference in carboplatin toxicity between the cohorts, the difference found in carboplatin doses received by patients after transition to the IDMS correction provides confirmation of previous studies. In addition, our subgroup analyses show that among patients of advanced age and lower body weight, this significant increase in carboplatin dose is preserved. As the expense of radiologically measured GFR can be prohibitive, many centers are unlikely to transition from SCrestimated GFR to determine carboplatin doses. Therefore, additional research into the toxic effects of using estimated GFR for carboplatin dosing with larger sample sizes would be beneficial in determining if this difference in dose translates into an increase in carboplatinrelated toxicity. Another potential avenue of study might include following patients over more cycles of chemotherapy or including more myelosuppressive carboplatin-containing regimens (e.g., gemcitabine). With these changes, the incidence of toxicity may be higher and may become statistically significant. Table 3 Multivariable Analysis of Hematologic Toxicity 
